Jadeitite is a rare constituent of serpentinite-matrix mélange bodies from certain subduction complexes. Most jadeitite crystallizes from Na-, Al-, and Si-bearing fluids that are apparently derived from multiple subduction-zone sources. Even though jadeitite is near-end-member NaAlSi 2 O 6 in major element composition and is volumetrically minor in subduction complexes, its trace elements and stable isotopes appear to record fluid compositions not directly seen in other subduction zone metasomatic systems.
Introduction
Fluids derived from seawater interactions with sediment and juvenile igneous rocks of the oceanic crust are recycled on a globally significant scale in subduction zones (e.g. Bebout 2007a Bebout , 2007b Zack and Timm 2007) and are evidenced as inclusions in subduction-zone metamorphic rocks (e.g. Philippot and Selverstone 1991; Giaramita and Sorensen 1994) . A variety of evidence indicates that fluid components are mobilized under varying P-T conditions (Bebout 2007a,b) ; they may escape into the sea from mud volcanoes sourced in shallow to moderate depths of active subduction zones (Maekawa et al. 1995; Fryer et al. 1998 Fryer et al. , 2000 Mazzini et al. 2007; Wheat et al. (2008) , are trapped in veins within accretionary prisms during diagenetic to very low-grade alteration devolatilization reactions (e.g. Moore and Vrioljk 1992; Fisher et al. 1995) , or are transferred from diagentic to metamorphic minerals and/or subsequently are released to the mantle wedge beginning at depths of approximately 50 km (e.g. Bebout 2007a Bebout , 2007b . In the latter situation, seawater-derived metamorphic fluids can ultimately hydrate peridotites, flux mantle, and crustal melting and perhaps return subducted volatiles to the surface as propellants of explosive arc volcanic eruptions (e.g. Straub and Layne 2003) . At virtually every point of the complex geometry and P-T-t relationships of subduction-zone fluid-rock interactions, aqueous fluid appears capable of both dissolving minerals and maintaining a solute load sufficient to make it a powerful agent for mass flux. However, metasomatic or hydrothermal transport mechanisms within subduction zones are less well understood than is desirable, even though fluid-mediated mass flux could not only pertain to the geochemical evolution of juvenile continental crust (e.g. Rudnick et al., 2000) but produce economically valuable ore deposits at convergent margins (e.g. Barton 1996) .
Four indirect and commonly used methods to study deep-seated subduction zone fluids and mass flux are as follows: (1) identify isotopic and trace element components transferred from the slab to the mantle wedge in the geochemical signatures of supra-subduction zone volcanic rocks (e.g. Morris et al. 1990; Davidson 1996; Tatsumi 2005) ; (2) determine the compositions of fluids and rocks emerging from depth in active subduction zones (e.g. Mottl 1992; Fryer et al. 1998; Benton et al. 2004) ; (3) conduct experiments on the solubilities and partitioning behaviours of various major and trace element components at controlled P and T conditions (e.g. Ayers and Watson 1991; Ayers 1998; Manning 1998; 2004; Tropper and Manning 2005) ; and (4) elucidate the metasomatic effects of fluids upon subduction zone rocks at various P-T conditions, including studies of stable isotope systematics and of fluid inclusion compositions and trapping conditions (e.g. Sorensen and Grossman, 1989; Sorensen et al. 1997; Johnson and Harlow 1999; Breeding et al. 2004; Shi et al. 2005; Sisson et al., 2006; Ague 2007; Bebout 2007a Bebout , 2007b . All these approaches are needed in order to (1) identify subduction zone fluid types and salinities; (2) learn which elements are transported in fluid-rock systems at different depths, temperatures, and fluid compositions; (3) determine the length scales of mass transfer for different geochemical groups of elements in subduction zones; and (4) characterize styles and mechanisms of subduction-zone metasomatism.
Of the four approaches, the study of metasomatism seems superficially the easiest research to pursue because metasomatic effects abound in subduction-zone metamorphic terranes (for an overview, see Bebout 2007a) . But working out the timing, nature, and fluid-rock implications of metasomatic events is typically not straightforward (e.g. Catlos and Sorensen 2003) . This is typically the case for the metasomatic rock jadeitite, a rare constituent of subduction zone metamorphic terranes. This rock forms within serpentinite by fluid flow in veins that appear to be loci for deposition even as they are complexly deformed and disarticulated (Harlow 1994; Harlow and Sorensen 2005; Sorensen et al. 2006; Harlow et al. 2008) . The geology of jadeitite bodies in serpentinite has been documented only in the Alps, Burma, Russia, Kazakhstan, Japan, California, Guatemala, and the Cyclades (Bröcker and Enders, 2001; Compagnoni et al. 2007; Harlow et al. 2008) . Until recently, it seemed as if studies of jadeitite-forming metasomatic systems would continue to be limited by poor exposures and difficult access to known jadeitite-bearing regions.
However, these limitations changed in 1998, when Hurricane Mitch roared through Guatemala at a heavy cost to life and property. Mitch's catastrophic effects included severe mass wasting throughout the steep canyons in the rugged mountains of central Guatemala, around the Motagua Fault Zone (Bucknam et al. 2001) . This area had long been identified as the likely Mesoamerican jadeitite-producing area (Foshag and Leslie 1955 ). An unexpected byproduct of Mitch was thus a sudden great enhancement of known jadeitite deposits and discoveries of new exposures of the serpentinite matrix mélanges in which jadeitite is found. By 2001, a greatly expanded area of jadeitite occurrences had been documented (Seitz et al. 2001) , and after four additional field seasons, a six-fold expansion of the original jadeitite-bearing terrane identified by Harlow et al. (2003) occurred, encompassing hundreds of square kilometres. Distinctive features within jadeitite-bearing serpentinite mélanges have documented what appear to be two jade source terranes in Guatemala, juxtaposed on opposite sides of the active Motagua fault zone (Harlow et al. 2003, Harlow and Sorensen 2005) .
Geologic setting and sampling of El Cipres metasomatites
As is the case worldwide, in situ jadeitites in Guatemala are found as blocks within faultbounded slivers of serpentinite matrix mélange that also contains other high P/T rocks. In Guatemala, the associated rocks in serpentinite matrix mélanges define two jadeitite-bearing subduction zone metamorphic terranes, within the Motagua Fault Zone and in surrounding mountain ranges to the north and south (Harlow et al. 2003, Harlow and Sorensen 2005) . The Motagua Fault Zone separates the Maya Block (North American Plate) from the Chortis Block (Caribbean Plate; Figure 1a ; Harlow et al. 2003, Harlow and Sorensen 2005) and is part of the presently active plate boundary. North of the Motagua Fault Zone, a 65-77 Ma terrane that consists primarily of eclogite heavily overprinted by retrograde garnet amphibolite is associated with jadeitites. The metamorphic history of the metabasites suggests a moderate to high-T subduction zone geotherm. In contrast, in serpentinite matrix mélanges south of the Motagua Fault Zone, 116-125 Ma lawsonite eclogite is associated with blueschist, jadeitite, and unusual lithologies (e.g. pumpellyite jadeitite, Harlow et al. 2003, Harlow and Sorensen 2005) indicative of extremely low-T subduction zone metamorphic conditions. Since 2001, a huge area of exposures for the study of jadeitite genesis and the effects of subduction zone fluids -under contrasting P-T conditions -has been 'outlined' in Guatemala (Figure 1b ) although outcropremoving jadeitite exploration and mining is currently being conducted at a lively pace.
The basic features of jadeitite-bearing metasomatic systems have been pieced together from observations for the well-documented world-wide localities of this rock type (see also Harlow 1994) . A few aspects of jadeitite-serpentinite contacts have been gleaned from these areas. The most common lithologic zoning pattern across jadeitite-serpentinite contacts was summarized by Harlow (1994) and Harlow and Sorensen (2005) and is schematically illustrated in Figure 2a . In general, roughly tabular to ellipsoidal jadeitite bodies Figure 1 . Regional setting and location of El Cipres Mine, Sierra de las Minas, Guatemala. Figure 1a shows faults and various high P/T terranes (shaded) of the northern Caribbean plate boundary, with determinations of metamorphic ages (after Harlow and Sorensen 2005) . Note the splayed Motagua fault system through central Guatemala. Figure 1b , a closer view of central Guatemala, shows (from north to south) the Polochíc, Motagua, and Jocótan faults (abbreviated P, M, and J in Figure 1a ). Serpentinite bodies and serpentinite-matrix mélanges are shaded in Figure 1b , and HP/LT rock localities are coded by symbols. The El Cipres Mine locality is plotted as a filled diamond in the central Sierra de las Minas. Figure 1c , a photograph of the mine, was taken looking southeast from a trail leading to it. An arrow points to the worked-out jadeitite deposit and spoil pile, which appears as a white area on the hillside. Figure 2 . Figure 2a illustrates a conceptual model for metasomatic zoning of jadeitite-serpentinite contacts, after Harlow (1994) . A jadeitite block in a serpentinite matrix is separated from the host rock by concentric zones of albitite and Ca-Mg-rich meta-ultramafic rock (actinolite-chlorite schist). Figure 2b is a photomosaic of the El Cipres
Mine. This is an open, recently worked pit about 300 cm wide and 150 cm deep, which consists entirely of metasomatic zones between jadeitite (out of view on left) and serpentinite (out of view on right). In the pit, six rock types were sampled. From left to right, these are massive albitite (SS26-1), highly sheared and sheared albitite with jadeitite nodules (SS26-2, 3, 4, 6 and 7), chlorite schist (SS26-8), actinolite-chlorite schist (SS26-9), and sheared serpentinite (SS26-10). Reference samples of jadeitite (from the mine spoil pile, sample SS26-0) and serpentinite (from a hillside outcrop about 2 m to the right of the pit, SS26-11) complete the sample suite. Figure 2c is a pace and compass outcrop map of the mine area. The patterned areas represent rock exposures. Although it is sparsely exposed, most rocks around the El Cipres Mine are inferred to be serpentinite. Lensoid jadeitite, albitite, and amphibole-rich schist bodies are oriented roughly parallel to shear zones and faulted structures of the area. The areal proportions of each unit are noted to the right of the map, with the inferred and exposed proportions of serpentinite tabulated separately. . The mineralogical zoning at jadeitite-serpentinite contacts suggests interactions among jadeitite, fluid, and serpentinite. However, these contacts are typically reconstructed from only partially preserved margins of jadeitite blocks. (The blocks themselves are generally found as 'lag deposits' on surfaces of serpentinite or as isolated blocks in modern or ancient alluvial and fluvial deposits.) This geological occurrence resembles the commonly yet typically only partly preserved actinolitic metasomatic rinds seen on eclogite and garnet amphibolite blocks from other subduction zone metamorphic terranes (e.g. Coleman 1980 ). Rinds associated with both jadeitites and eclogites show mineralogical and geochemical evidence for fluid-mediated chemical exchange between the block and what was presumably a matrix of ultramafic rock. However, the contact itself is generally missing, and if there is local serpentinite, it cannot be presumed to have been the host rock. This is because (1) the weakness of serpentinite relative to eclogite or jadeitite in geological weathering and transport systems could cause blocks to 'settle' or 'lag' in the units that contain them and (2) serpentinization can take place so close to surface conditions that the host ultramafic rock for rind formation could be peridotite, meta-ultramafic rock, or partially serpentinized peridotite, not serpentinite (e.g. Coleman and Lanphere 1971; Coleman 1980; Sorensen and Grossman 1989) .
All this said, a largely intact contact between jadeitite and serpentinite, excavated by recent -i.e. post-Hurricane Mitch -jade mining, is preserved in the central Sierra de las Minas, Guatemala (Figures 1-3 ). The contact is on the southeastern end of the westernmost of two roughly 15 × 8 metre jadeitite bodies exposed on a small hill at the location shown in Figures 1b,c and 2b ,c. In addition to jadeitite and serpentinite, the hill exposes bodies of amphibole schist and albitite (Figure 2c ). The unexposed part of the area around the mine is interpreted to be serpentinite, which also makes up most of the exposures in the map area (Figure 2c ).
The rocks of the prospect pit (or mine) display distinctive colours and textures that suggest the contact consists of different lithologies (Figure 2b) . A combination of different macroscopic textures (including variably developed foliation) and colours permit an easy division in the field into massive and sheared albitite (samples SS26-1 to 7) and metaultramafic rock layers (samples SS26-8 to 10), between jadeitite (SS26-0) and serpentinite (SS26-11). Because the pit has recently been mined, a large and fresh 'spoil pile' of baseball-to basketball-sized pieces of broken jadeitite litters the slope below it (light grey colours of Figure 1c , designated by the arrow). The jadeitite is a uniform pale grey-green in colour, but many pieces have at least one weathered surface, pale tan to cream in colour. A softball-sized piece was chosen to represent the jadeitite protolith (sample SS26-0).
Cathodoluminesence (CL) imagery reveals 95+% of this rock to consist of jadeite crystals that are strongly zoned in dull green-, bright blue-, and bright-red-luminescence on a micron to tens of microns scale (Figure 3 , sample SS26-0). The field appearance of this rock -typical of those in the spoil pile -along with its size (large enough to analyse, small enough to carry in a pack for several kilometres) led to its choice as a representative of the host jadeitite body (which is not preserved in the pit). An in situ sample of serpentinite Figure 3 . Cathodoluminesence images of jadeitite and albitite, El Cipres Mine. These were obtained with a Luminoscope model ELM-3, equipped with an Olympus Opelco MagnaFire model S99806 digital imaging system, with proprietary software, at operating conditions of 20 kV and 0.5 mA current. Digital imaging with this system entails capture of three greyscale images through R, G, and B filters. Each image is obtained with a CCD with 1300
× 1030 pixel resolution. In each image, the field of view is 1.4 by 2 mm. The images were processed with Adobe Photoshop, using one 'sharpen' and the 'auto levels' commands for consistent colour and resolution. These appear to best reproduce the colours actually observed through the glass top window of the sample chamber. Jadeite shows well-formed, strongly colourzoned crystals with red and green luminescence; albite shows dull brown to blue luminescence; yellow-luminescent clinozoisite is visible in albitites. 1.4 mm from the first outcrop visible outside the pit boundaries (∼2 m distant from the meta-ultramafic rocks in the pit) was selected to represent the host rock of the jadeitite body and thus the protolith of the meta-ultramafic rocks within the contact zone (sample SS26-11). Two samples stand out from the others of the contact zone. Sample SS26-6 is a small nodule of jadeitite, which in the field appeared to be part of a disarticulated vein of jadeitite within the albitite. This rock shows a similar texture of CL grain growth to SS26-0 but lacks the vivid red CL present in the jadeitite block (Figure 3 : compare SS26-0 and SS26-6). Sample SS26-8 represents a schistose layer of meta-ultramafic rock -predominantly actinolitethat separates the chloritic meta-ultramafic rocks closer to the albitite contact from sheared serpentinite. The actinolitic rock displays both the mineralogy and field appearance of actinolite 'rinds' found around metabasite blocks in other subduction zone metamorphic terranes (e.g. Coleman and Lamphere 1971; Coleman 1980; Moore and Blake 1989; Sorensen 1988; Sorensen and Grossman 1989; Sorensen et al. 1997; Catlos and Sorensen 2003) .
From Jadeitite to Meta-Ultramafic Rock

Analytical methods
The samples were prepared for chemical analysis at the Smithsonian Institution's Department of Mineral Sciences Analytical Laboratories (SI-DMS-AL). Ideally, about 300 g of rock were sawn, chipped, and split, and 150 g was powdered. In some cases, the samples were too weathered internally to permit such a large amount of sample to be pulverized. Samples were analysed for major, minor, and selected trace elements (Table 1) by X-ray fluorescence (XRF) at the SI-DMS-AL. Both loss on ignition (LOI) and FeO determinations by titration were performed using standard methods (Peck 1964 , Cremer et al. 1984 Taggart et al. 1987) . Approximately 5 g of each powdered sample was sent to Western Washington University for ICP-MS analysis of trace elements. The method by which each element was determined is reported in Tables 1-3. Thin sections were made for all of the samples except SS26-05, which was collected as a friable material and completely disintegrated during the trip from Guatemala to the USA. Rock petrography was examined in the SI-DMS-AL by CL imaging and scanning electron microscopy (SEM). The CL instrument used to obtain the images in Figure 5 is an ELM-3R*, outfitted with an Olympus MagnaFire Model S99806* digital imaging system. Viewing conditions were 20 kV, 0.5 mA, and exposure times were selected to minimize oversaturation. As the images testify, this goal was not uniformly achieved. Because all of the images show strong contrasts of CL intensity, in general the brightest emissions were overexposed in order to illuminate the duller ones. All images were processed in Adobe Photoshop ® using only the 'sharpen' and 'autolevel' tools. The SEM images were obtained with a now-defunct JEOL 840A SEM at SI-DMS-AL, under imaging conditions of both regular and extreme contrast. Most of the minerals shown in Figure 8 are high Z, set in a matrix of comparatively low Z albite. In order to highlight crystallization features, both regular and high contrast imagery were employed.
CL petrography of jadeitite and albitite samples
The jadeitites and albitites of the El Cipres mine both display CL. Examination of more than 100 thin sections from jadeitite deposits worldwide (e.g. Sorensen et al. 2006 ) reveals that although brilliant CL is typical of jadeites worldwide, the albite found in both albitites and jadeitites is typically non-luminescent (black). It is unusual to see the lavender-brown to blue luminescence displayed by the albitites of this locality (Figure 4) . However, albite from plutonic or volcanic rocks that have been hydrothermally altered at low-to moderate-T Notes: A bold italic number designates an upper limit and a *bold italic number designates a lower limit determination. XRF, X-ray fluorescence, ICP-MS, inductively coupled plasma mass spectrometry, the analytical techniques. Table 2 . Corrected anhydrous data, converted to elemental ppm. conditions commonly show lavender-brown to blue CL (e.g. Sorensen et al. 1998; Rougvie and Sorensen 2003) . The lavender-brown-blue colour activator(s) -or whatever element(s) cause these hues -are found in other localities of this mineral.
The jadeitite block at El Cipres is made up of blocky grains of dull-green-luminescent jadeite, followed by alternating zones of dull-green-, bright-red-, and intense-blue-luminescent prismatic grains. Some of the prismatic grains are quasi-radial in habit and appear to have formed around nuclei of blocky green 'islands' of the earlier generation of jadeite grains; the radial prisms thus constitute a 'second generation' of jadeite in the rock ( Figure  4a ). These features are consistent with jadeitites elsewhere (Harlow and Sorensen 2005; Sorensen et al. 2006) .
The albitites display less brilliant but equally complex CL. Albitite closest to the jadeitite block ( Figure 4b ) luminesces dull brown with a few isolated patches of blue-luminescent-albite (both colours have been observed in both low-T hydrothermal albite and K-feldspar; e.g. Sorensen et al. 1998; Rougvie and Sorensen 2002; Leichmann et al. 2003) . In general, as the contact is approached, the proportion of blue-luminescent-albite increases relative to albite with dull brown CL. Bright yellow-luminescent specks of clinozoisite appear to both increase and grow larger (compare Figures 4a-e). The latter is not observed in the sample collected closest to the contact, although clinozoisite is found in the sample. Perhaps a shift to more Fe-and REE-rich compositions (see below) has quenched the luminescence of most accessory minerals, a common effect (Marshall 1988; Pagel et al. 2000) . As noted above, jadeitite nodule SS26-6 appears to be part of a disarticulated vein that cuts sheared albitite relatively near the contact with meta-ultramafic rocks ( Figures 2 and 4 ). This jadeitite, like the host block, exhibits radial crystallization of prismatic jadeite, but the nodule lacks the red and blue luminescence shown by the host (compare Figure 3a ,f). Instead, varying brightness defines growth zones of green-luminescent jadeite. World-wide, green-luminescent jadeitite is richer in diopside-hedenbergite component (Ca(Mg,Fe)Si 2 O 6 ) than red-or blue-luminescent counterparts, although all are within the range of jadeite composition (e.g. Lasnier et al. 1992; Ponalho 1999; Sorensen et al. 2006) . Green-luminescent jadeitite also shows greater substitution of trace elements of Figure 4 . Abundances of Al 2 O 3, Na 2 O, MgO, FeO, Cr, Ni, and Sc across jadeitite-serpentinite contact zone, compared with those of Guatemala jadeitites (dashed lines) and serpentinites (dotted lines). Element contents plotted as weight per cent or parts per million, as noted in each plot. Abbreviations are: Jd, jadeitite; Alb, albitite; MetaUM, meta-ultramafic rocks; Spt, serpentinite. In each diagram, elements that might be expected to be concentrated in serpentinite (compared to jadeitite or albitite) are enriched in the meta-ultramafic rocks and vice versa. The contact between albitite and meta-ultramafic rock is located at approximately 130 cm from jadeitite and is shown with a double vertical line in the plots. various types of both compatible (e.g. Cr, Li) and incompatible (e.g. LREE, Sr: Lasnier et al. 1992; Ponalho 1999; Sorensen et al. 2006) elements. That diopside-richer jadeitite veins might be found near the contact with meta-ultramafic rocks derived from serpentinite is unsurprising, because fluids attending serpentinization have been noted to be rich in Ca, are reducing, and would likely also contain Mg (Barnes and O'Neil 1969; see also, Frost and Beard 2007; Frost et al. 2008) .
Composition of the contact rocks
Profiles of element abundances across the contact zone between jadeitite/albitite and meta-ultramafic rocks/serpentinite (Tables 1 and 2 ; Figures 4-6) illustrate chemical exchange between these greatly contrasting bulk compositions, but also the possible deposition of exotic elements in newly stabilized contact zone minerals. The compositions of 11 jadeitites and 30 serpentinitites and meta-ultramafic rocks from other Guatemalan localities (Table 3) are illustrated in Figures 4-6 for both visual and numerical comparisons of metasomatite compositions to likely protoliths. Of course, such raw element data can be influenced by other bulk rock properties (e.g. specific gravity, LOI, changes of elemental sums) that are not accounted for in Figures 4-6 (e.g. Ague 2003; Breeding et al. 2004 ). As will be discussed in detail below, however, the LOI and specific gravity data primarily show only that jadeitite and albitite samples have lesser volatile contents than do the meta-ultramafic rocks and that specific gravity values for jadeitite samples SS26-0 and SS26-6 are greater than those of either albitites or meta-ultramafic rocks (Table 1 , also see below). The major element oxides Na 2 O, Al 2 O 3 , MgO, and FeO and the trace elements Cr, Ni, and Sc preserve evidence that the contact between a jadeitite block (or the albititized margin of a jadeitite block) and host serpentinite (or serpentinizing peridotite) prior to fluid flow and shear roughly coincided with the present contact between sheared albitite and Other elements show different effects. If, as Figure 4 suggests, the contact between jadeitite-albitite and peridotite-sepentinite once existed between samples SS26-7 and SS26-8, then Zr, Hf, U, Pb, Ba, and Sr are all greatly enriched in near-contact-albitite SS26-7 with respect to possible protoliths ( Figure 5 ). Zirconium contents (Figure 5a ) vary widely in Guatemalan jadeitites and albitites (Zr ranges to 230 ppm in the comparison suite in Table 3 , Figure 5a ; see also Shi et al. 2008 ), but it is uniformly <25 ppm in serpentinites (Table 3, Figure 5a ). These data indicate not only that Zr is added to the albitite and jadeitite of the contact zone relative to a presumed jadeitite or albitite protolith but that the most Zr has been added at the contact. The contact was presumably originally a locus of both great permeability contrast and fluid flux between either jadeitite or albitite and partly serpentinized peridotite.
Albitites within the contact zone appear to be progressively enriched in U and Hf, with greatest enrichments in the albitite sampled nearest the contact with meta-ultramafic rocks (sample SS26-7). At the contact, the U value is 1.6 (Figure 5b ) and the Hf value 2.6 times ( Figure 5c with meta-ultramafic rocks, but these show a factor of 1.9 rise (Pb, Figure 6d ), a 36% decline (Ba, Figure 5e ), or an 8% decline (Sr, Figure 5f ) in values in albitite specimens obtained 15-68 cm from the jadeitite block. Albitite sampled 128 cm from the block, however, contains 7.5 times the Pb, 1.7 times the Ba, and 2.2 times the Sr of the albitite sample collected nearest the jadeitite block. The albitite sampled 128 cm from the block is even more dramatically enriched in these elements compared to the block itself (Pb, 20 times; Ba, 127 times; and Sr, 73 times the jadeitite values, Table 2 ). Although both the block and the jadeitite nodule 98 cm from it contain lesser amounts of these elements than do albitites (Table 2 , Figure 5d -f), the nodule contains 1.6 times the Pb, 2.4 times the Ba, and 2 times the Sr of the block. Both the albitites and the jadeitites, then, testify to significant enrichment of Pb, Ba, and Sr within about 10-30 cm of the former contact between jadeitite (or albitite) and partly serpentinized peridotite. Seven elements neither preserve original jadeitite and serpentinite compositions nor show marked increases in abundance within albitite near the presumed palaeo-contact ( Figure 6 ). Albitite is richer in SiO 2 than jadeitite ( Figure 6a ; this property follows from the thermodynamic reaction, albite → jadeite + quartz). If analyses are normalized to anhydrous compositions (Table 2) , however, none of what appear to be sizeable effects in Figure 6a are much greater than about 6% or about twice the combined errors. In contrast, actinolite-rich sample SS26-09 contains 11% more Si than does its presumed serpentinite protolith, which suggests that this rock either had Si added to it during fluid-rock interaction and recrystallization to an amphibole-rich mineral assemblage, or underwent significant loss of other major elements (see Frost and Beard 2007 , for a review of silica activity and serpentinization).
Calcium is a minor element in both jadeitite and albititite (Tables 1 and 2 is not seen in Guatemalan albitites. Instead albitites display compositions of near-end-member Ab, unless the feldspar is Ba-rich (e.g. Harlow 1994 ). However, hydrating and serpentinizing peridotite releases Ca to a free fluid phase (e.g. Barnes and O'Neil 1969; Palandri and Reed 2004; Frost and Beard 2007 ). An apparent two-fold increase in Ca is observed in the jadeitite nodule but not in albitite samples. Calcium enrichment is also seen in actinolite-bearing schist sample SS26-9. ] and a common Ca-rich meta-ultramafic assemblage. In this contact zone, it separates foliated serpentinite from chlorite schist.
Ferric iron (Figure 6c ) is scarce in both jadeitite and meta-ultramafic rocks. However, Fe 2 O 3 values rise steadily in albitite (and the jadeitite nodule) to a factor of 5.3 between 30 and 128 cm from the jadeitite block. The Fe 2 O 3 content of the latter sample is similar to that of meta-ultramafic rocks (Figure 6c ). The protolith jadeitite block, however, contains 80% of the Fe 2 O 3 seen in albitite at the contact with meta-ultramafic rocks. Only 30 cm from the contact with the jadeitite block, Fe 2 O 3 is depleted by 77% in albitite compared to the block. This suggests a chemical discontinuity between albitite and jadeitite, even though both are capable of hosting Fe 2 O 3 . In meta-ultramafic rocks, the actinolite-bearing schist contains more Fe 2 O 3 than other meta-ultramafic rocks (and about 95% of the protolith value), but it is interesting that other meta-ultramafic rocks are more reduced than their presumed protolith. These show 22-25% less ferric iron than does serpentinite. These observations are broadly consistent with observations on the effects of silica activity and reduction during serpentinization (Frost and Beard 2007) . In other subduction complexes, whole-rock abundances of LILE such as K 2 O, Rb, Ba, and Cs have been correlated with the presence of K-enrichment via phengite, a white mica (e.g. Sorensen et al. 1997; Catlos and Sorensen 2003) . In phengite-rich rocks, these elements strongly correlate, but in this (phengite-poor) suite of samples such is not the case (c.f., Figures 5e, and 6d-f). However, K-values increase outward by a factor of 27 compared to jadeitite (and a factor of 2 compared to albitite nearest the block) from the jadeitite contact to a distance of 68 cm away from the block. They then decline to a value five times that of jadeitite (and 60% that of the albitite adjacent to jadeitite) at the contact with meta-ultramafic rocks. Rubidium shows a similar (albeit not identical) pattern, reaching its greatest abundance at 68 cm from the block-albitite contact, although not progressively increasing towards that maximum. Near the contact with meta-ultramafic rocks, both K 2 O and Rb show similar abundance patterns (c.f. Figures 6d,e) : both are richest in actinolite-rich meta-ultramafic rocks. Albitite is richest in Cs (Figure 6f ) at its contacts with jadeitite and meta-ultramafic rocks, with of nine and six times, respectively, the Cs of the presumed jadeitite protolith (which displays 0.05 ppm Cs). Other albitites are enriched to three to four times the values for the jadeitite block. From the presumed serpentinite protolith to the contact with albitite, Cs decreases from 0.13 to 0.01 ppm in meta-ultramafic rocks, a 13-fold depletion. Finally, Y, like Zr, U, Hf, Pb, Ba, Sr, and Cs, is enriched at the albitite contact with meta-ultramafic rocks. There, it displays 2.3 times the protolith value of 2.4 ppm. The jadeitite nodule displays 1.5 times the Y of the jadeitite block. Of the meta-ultramafic rocks, actinolite-rich schist is richest in Y. It contains 2.6 times the amount (0.97 ppm) of Y in the serpentinite. However, the meta-ultramafic rock at the contact is also richer in Y than serpentinite, with 1.5 times the amount of the protolith.
Specific gravity variation across the contact zone (Figure 7)
The specific gravity of jadeite (nominally 3.24 to 3.43; Deer et al. 1978a ) partly overlaps values for the upper mantle (3.42-3.5, Ringwood 1975; 3.37-3.40, Brown and Mussett 1993) . Specific gravity values for jadeitite samples SS26-0 and SS26-6 are within the range for pure jadeite (Figure 7 ). Albitite and meta-ultramafic rock samples Figure 7 . Specific gravity versus distance from contact for samples, with ±5% error bars. With the exception of the two jadeitite specimens, which have nearly identical specific gravities near 3.3 (Table 1) , and contact albitite SS26-07, which appears to be slightly less dense than any other specimen, albitites and meta-ultramafic rocks display specific gravities of about 2.6, within error. are significantly less dense than jadeitite. Specific gravity values of albitite samples range from 2.45 (e.g. SS26-7, from close to the interface with meta-ultramafic rocks) to 2.66 (e.g. SS26-1, albitite sampled close to the interface with the jadeitite block; Figure 7 ). Although these differences are slight, they suggest that at the contacts between both jadeitite-albitite and albitite-meta-ultramafic rocks, mineral assemblages were slightly different than in other albitites, a point that will be discussed further below.
Discussion
Transition elements in the contact zone
The data plotted in Figures 4-6 suggest element mobility and exchange in albitite and meta-ultramafic rocks relative to jadeitite and serpentinite protoliths. For example, near the presumed contact between jadeitite and serpentinite, albitite is enriched in Mg, Cr, Ni, and Sc, and meta-ultramafic rocks are depleted in Sc. Of these 'contact-defining' elements, Sc displays the closest to a diffusion profile, which suggests that Sc was mobilized in both rock types (Figure 4 ). However, both Ni and Sc show some evidence for exchange between albitite and meta-ultramafic rocks across the jadeitite-ultramafite contact. Both Ni and Sc are much more abundant in Guatemalan meta-ultramafic rocks and serpentinites than in Guatemalan jadeitites (Table 3) . Like MgO, FeO, and Cr, Ni and Sc appear to be richer in jadeitite and albitite samples from near the meta-ultramafic rock contact compared to more distal counterparts ( Figure. 5f,g; Tables 1 and 2); the jadeitite nodule from the contact zone is 5.3 times richer in Ni than the host jadeitite, and albitite is 26 times richer in Ni than albititite at the jadeitite contact. The meta-ultramafic rock closest to the albitite contact contains only 21% of the Sc found in the serpentinite protolith, whereas the albitite adjacent to it contains 2.5 times the amount of Sc in the jadeitite block and 3.1 times the Sc in albitite adjacent to jadeitite. The two-layer silicate-rich meta-ultramafic rock samples are richer in Ni and poorer in Sc than amphibole-rich meta-ultramafic rock SS26-9 (Table 1; Figure 5g ,f). Similar abundance profiles are observed for various elements -including Ni and Sc -in metasomatic rinds around metabasite blocks in subduction complexes elsewhere (e.g. Sorensen and Grossman 1993) .
The Fe 2 O 3 data suggest that the contact zone was produced in two steps. Albititization of jadeitite took place first, because the most reduced albitites are preserved at the contact between jadeitite and albitite. Albitites become richer in Fe 2 O 3 closer to the contact with meta-ultramafic rocks. This is likely an overprint to oxidation levels like those seen in the meta-ultramafic rocks. At the time the meta-ultramafic rocks formed, then, at least some albitites had already formed -in order for secondary oxidation to be recorded by the latter rocks. The value of Fe 2 O 3 in albitite at the jadeitite contact is comparable to that of chloritic and serpentine-rich meta-ultramafic rocks. Albitite a short distance away from the jadeitite contact is reduced, and it becomes progressively richer in Fe 2 O 3 near the contact with meta-ultramafic rocks. In meta-ultramafic rocks, it is perhaps not surprising that the actinolite-bearing schist contains more Fe 2 O 3 than other meta-ultramafic rocks (and about 95% of the protolith value), but other meta-ultramafic rocks are more reduced than the presumed protolith, with 22-25% less Fe 2 O 3 than serpentinite. This oxidization may be a signature of the fluid that formed the meta-ultramafic rocks and recrystallized and metasomatized pre-existing albitite.
In this metasomatic system, Cr proves to be a problematic criterion with which to compare jadeitites and albitites to serpentinites and meta-ultramafic rocks. On the one hand, serpentinites and other meta-ultramafic rocks generally inherit thousands of ppm of Cr 2 O 3 from their ultramafic protoliths, and end-member jadeite is Cr-free. However, jadeite that forms 'emerald-green' precious jades (the Chinese 'kingfisher' or Mesoamerican 'quetzal' jades) as well as the semi-precious 'Maw-Sit-Sit' of Burma contains very large amounts of Cr 2 O 3 indeed. Indeed, the Cr end-member NaCrSi 2 O 6 (kosmochlor) appears to have broad if not complete solid solution relationships with jadeite (NaAlSi 2 O 6 ). The presence of Cr-rich jadeite around chromite grains in jadeitites from (Harlow and Olds 1987) indicates that Cr in jadeitite might be derived from serpentinite-sourced fluids that deposit chromite and facilitate composition change of jadeite. And jadeitite can hold a large amount of chromium. Samples from world-wide localities demonstrate that jadeite incorporates Cr via the kosmochlor substitution (Al 3+ → Cr 3+ ; Harlow and Olds 1987) , and up to 28 wt % Cr 2 O 3 was reported in kosmochlor-rich jadeitite by Harlow and Olds (1987) . However, Cr-rich jadeitite is rare in Guatemala, and one of the reasons large-scale commercial mining for gem quality jade is not conducted (yet) in the country. Eleven new whole-rock analyses of the most commonly encountered white to green-grey varieties of Guatemalan jadeitite (Table 3) range only to about 50 ppm Cr.
The jadeitite of the El Cipres block contains only 30 ppm Cr. The Cr contents of albitite rise from 36 to 203 ppm across the contact zone (a nearly six-fold increase), with no evidence for the development of either chromite or Cr-rich jadeite, suggesting that serpentinite-to-albitite transfer of Cr took place as the contact underwent fluidrock interactions.
Trace element residence sites
Trace elements with diverse geochemical properties are enriched in albitites from the El Cipres contact zone relative to likely protoliths and other Guatemalan jadeitite and serpentinite samples. The mineral assemblages of jadeitite (predominately jadeite), albitite (predominantly albite), and meta-ultramafic rock (predominately chlorite, actinolite, and/or serpentinite) do not themselves constitute appropriate residence sites for most of the enriched elements. Where, then, do enriched elements reside?
Backscattered electron images, some obtained at extremely high contrast settings (Figure 8 ), show evidence for crystallization of new minerals within the trace-elementrich albitite samples. These minerals are species in which either the enriched elements are essential structural constituents (ESCs; Hanson and Langmuir 1978) )), celsian (BaAl 2 Si 2 O 8 ), and zircon (ZrSiO 4 ). Textural evidence that these minerals crystallized along with albite is found (1) in the abundant, sieve-like albite inclusions in titanite (Figure 8a ), REE-rich clinozoisite ( Figure 8c ) and zircon (Figure 8d,f) , and (2) as celsian cores of K-feldspar grains that are intergrown with albite. Celsian also appears along albite grain boundaries and as radial aggregates in albitite (Figure 8b,e) .
Crystal chemical criteria indicate that titanite, clinozoisite, celsian, and zircon are capable of sequestering substantial amounts of the elements that are enriched in albitite, especially in samples near the contact between albitite and meta-ultramafic rocks. Titanite (Figure 8a ,b,e) not only contains Ti as an essential structural constituent but can incorporate Ta, U, Th, Pb, and Y (Deer et al. 1978b; Grossman 1989, 1993; Tiepolo et al. 2002) . Celsian (Figure 8a,b,e) , the Ba-end member feldspar, is documented to also incorporate thousands of parts per million of other trace elements. For example, an analysis of celsian from Sterling Hill, NJ, reports 0.05 wt% SrO and 0.11 wt% PbO (Frondel et al. 1966) . Clinozoisite may show considerable solid solution towards other epidotegroup end members (e.g. allanite, hancockite) and can not only incorporate many weight per cent of LREE but contain thousands of parts per million of Sr, U, Th, and Pb (Frei et al. 2004; Gieré and Sorensen 2004) . Zircon not only boasts Zr as an ESC, but both Hf and Y reside comfortably within the structure, along with trace to weight per cent quantities of Hf, HREE, U, and Th (Finch and Hanchar 2003; Hoskin and Schaltegger 2003) . The high-field-strength (HFSE; Ti, Ta, Zr, and Hf), LILE (K, Rb, Cs, and Ba), and heatproducing (HPE; U, Th, and Sr) elements can not only be accommodated by accessory titanite, celsian, clinozoisite, and zircon but enriched to levels not seen in the presumed protoliths of jadeitite ± serpentinite.
Reference frames for metasomatism
Taken together, the raw elemental abundances, specific gravity data, and the presence of minerals that can store large amounts of HFSE, HPE, and LILE suggest that mass transfer of these elements accompanied the genesis of albitite and meta-ultramafic rock in the El Cipres contact zone. The literature proposes at least four fluid types for a jadeitite-serpentinite metasomatic system: (1) 'jadeititizing fluids' of the Russian literature (see Harlow Sorensen et al. 2006) . Of course, a combination of fluids from more than one of these sources could have accomplished or mediated the metasomatism .
To further complicate matters, the multiply sourced fluids mentioned above may have interacted with the contact at different times, by at least three processes. First, the contact may represent concomitant albititization of jadeitite, serpentinization of peridotite, and formation of the meta-ultramafic rocks, in a single (but integrated) fluid-flow event. Second, albititization of jadeitite might have preceded serpentinization of peridotite and formation of meta-ultramafic rocks. During either of the first two fluid-rock interactions, components not present in either protolith might have added to the system at loci of large permeability contrast (i.e. the jadeitite-albitite, albitite-meta-ultramafic rock, or meta-ultramafic rock-serpentinite contacts). Elsewhere, mélange blocks from subduction complexes show evidence for enhanced fluid flow at block-host rock contacts, and two-dimensional numerical models show that at such contacts, fluid should be diverted into the less permeable mélange matrix (e.g. Breeding et al. 2003 Breeding et al. , 2004 Ague 2007) .
Because the possible metasomatic processes are not identical, albititization must be considered in three reference frames: (1) by assuming that albititization and the formation of meta-ultramafic rocks are not explicitly linked by process and/or time; (2) by searching for metasomatic effects secondary to albititization; and (3) by searching for mutual exchange of components between albitites and meta-ultramafic rocks. In each case, the data can be examined in a spatial reference frame, because each sample was collected a specific distance from the contact with the jadeitite block. Finally, by assuming that one or more element(s) may have been relatively immobile across the contact, the mobility of all other elements can be evaluated relative to such an element and the spatial reference frame (e.g. Ague 1991), by ratio techniques and by mass balance calculations (i.e. Gresens, 1967; Babcock 1973 ).
Albititization of a jadeitite protolith (Figures 10 and 11)
One way to form the albitite margin of jadeitite from the El Cipres Mine is by autometasomatic reactions with incompatible-element-rich residual fluids from jadeitite crystallization. Alternatively, albitizing fluids might be entirely exotic to the local fluid-rock system and introduced along jadeitite-peridotite contacts prior to the influx of serpentinizing fluids (e.g. Harlow and Sorensen, 2005) . In either case, albitite would be expected to display geochemical signatures lacking in both jadeitite and serpentinite. Either fluid source could yield new major, minor, and accessory minerals -such as those seen in Figure 8 -into which enriched elements are preferentially partitioned, or even ESC. The overall process could be a low-T, high-P analogue to pegmatite genesis relative to granite. In pegmatites, late-stage minerals grow from a cation-rich fluid by incorporating large quantities of elements (e.g. B in tourmaline, Be in beryl, Li in spodumene or lepidolite mica) that are incompatible in the earlier-crystallizing quartz, feldspars, and mafic minerals of host granite or aplite.
To seek exotic geochemical signatures, analyses of albitites and jadeitite from the contact zone (SS26-1 to SS26-7) were normalized to values for the presumed protolith (jadeitite SS26-0; Figures 10 and 11) . The data were preprocessed before normalization. First, major and minor elements were converted to an anhydrous basis and recalculated to 100%. (This had but small effects on any albitite or jadeitite values.) Traditionally reported 'major and minor element oxides in weight per cent' (Table 1) were changed to elemental parts per million (Table 2) . These recalculated major and minor element data were combined with the trace element data (traditionally reported in elemental ppm) to yield Figures 10 and 11 . Because the y-axes range from three to five orders of magnitude in these figures, analytical errors are much smaller than the size of the plotted points. In Figure 10 , a 1:1 correlation line is represented by the value of one, and the dashed lines at ratios of 0.8:1 and 1.2:1 form generous limits with which to bracket 'immobile' element values. As noted by Penniston-Dorland and Ferry (2008) , this analysis of the data is a variant of the 'isocon' method of Grant (1986) , Olsen and Grant (1991) , and Baumgartner and Olsen (1995) . The data can also be plotted as a function of distance to the contact (Figure 11 ). In this figure, elements that vary between 0.8 and 1.2 the value of the jadeitite block have been removed to simplify the diagram and depict only the 'non-isochemical' effects.
Albititization of jadeitite was accompanied by significant addition of LILE and lesser additions of many other elements, along with the loss of transition elements and other metals ( Figure 10 ). Only Si and Al appear to have been 'relatively immobile' in albitites compared to a jadeitite protolith (Figure 10 ). The near-constant amounts of Si and Al in both 'protolith' jadeitite SS26-0 and the albitites are superficially odd, because Si must be added to jadeite to form albite (albite → jadeite + quartz), and not only would Si not be released during serpentinization, any fluid-speciated Si would likely be scavenged to form talc-and actinolite-rich meta-ultramafic rocks from serpentinite, as has occurred at El Cipres (e.g. Barnes et al. 1973; Frost and Beard 2007) . In addition, the El Cipres albitites contain 5-10 modal% clinozoisite (39 wt% SiO 2 ) plus about 0.5 modal% chlorite (∼30 wt% SiO 2 ), which together slightly decrease the overall Si content of albitite. Sodium ranges from near-isochemical values close to the jadeite-albitite contact to slightly depleted values near the albitite-meta-ultramafic rock contact, a near-immobileelement profile (Figure 10) .
Hafnium, Zr, Th, and U range from near-isochemical ratios near the jadeitite-albitite contact up to approximately 2.7 times that of a jadeitite protolith near the contact between albitite and meta-ultramafic rocks (Figures 10 and 11a ). This nearly three-fold increase of elements that commonly reside in zircon (e.g. Deer et al. 1978b) , together with the presence of albite-inclusion-bearing zircons in the albitites (Figure 9 ), suggest that Y, Hf, Zr, Th, and U were deposited into zircons that grew from a fluid near the contact between albitite and the meta-ultramafic rocks. Even at much greater temperatures, these elements are not readily partitioned into aqueous fluids (Ayers and Watson 1991) . The presence of apparently fluid-deposited zircon suggests either a significant flux of fluids bearing both zircon ESC and associated elements or great concentration of these elements at the contact between albitite and meta-ultramafic rocks during one or more fluid flow events. Magnesium, Sc, Cr, and Ni are richest in albitite adjacent to the contact with meta-ultramafic rock (Figure 10 ). Magnesium rises from depletions of nearly 60% relative to jadeitite in albitites close to the jadeitite contact to an enrichment of approximately 2.4 in albitite next to the contact with meta-ultramafic rocks. At the meta-ultramafic rock contact, Sc is, like Mg, approximately 2.5 times enriched compared to jadeitite. Chromium in albitite increases to approximately 6.8 times the abundance found in the jadeitite block, and Ni, the most enriched element, increases to 55 times its abundance in jadeitite. All of these elements are abundant in serpentinite and meta-ultramafic rocks from Guatemala (Table 3, Figure 5 ); as noted above, the green colour of gem jadeitite is associated with Cr substitution and presumably derived from fluids rich in ultramafic components (Harlow and Olds 1987) .
One element group shown in Figure 10 is literally orders of magnitude enriched in albitite compared to either jadeitite or meta-ultramafic rocks: the large LILE (K, Ba, Sr, Rb, Cs, and Pb). Indeed, the albitite sample closest to the contact with meta-ultramafic rocks (SS26-7) is enriched from about 5 (K, Rb, Cs) to more than 80 (Ba, Sr, Pb) times values for jadeitite block (Figure 10 ). In addition, jadeitite nodule SS26-6, sampled relatively close to the contact with meta-ultramafic rock, is also enriched in LILE compared to jadeitite. Because this nodule is interpreted to be part of a vein that cuts (and thus postdates) albititization, LILE-rich fluid appears to have been able to deposit jadeitite after substantial albititization. This in turn suggests that the jadeitite→albitite transformation may be more a function of chemical potential gradients than changes of P and/or T. It is not clear from Figure 10 whether both LILE and the 'ultramafic' elements were concomitantly enriched, only that both groups are enriched at the contact between former jadeitite and serpentinite. Elsewhere, LILE have been shown to be readily mobilized in subduction zone metamorphic fluids (e.g. Sorensen et al. 1997, Catlos and Sorensen 2003) , and contributions of both ultramafic and LILE components to metasomatic actinolite-talc-chlorite rinds around high-grade metabasite blocks (more common in subduction complexes than counterparts around jadeitite blocks) have long been known (e.g. Coleman 1980; Sorensen et al. 1997) .
The abundances of Ba, Sr, and Pb display significant 'spikes' at the contact between albitite and meta-ultramafic rocks (Figure 11 ). In this, they resemble the enrichments of Y, Figure 9 . Mass differences of albitite and jadeitite nodule SS26-6 with respect to jadeitite. Each symbol marks a different sample. This variation of an 'isocon' plot (Grant 1986; Olsen and Grant 1991; Baumgartner and Olsen 1995 
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Hf, Zr, Th, and U described above (Figure 10 ). Overall K, Rb, and Cs decrease in abundance with distance from the jadeitite contact (Figure 11 ). Because both the abundance and grain sizes of the Ba-feldspar celsian appear to increase with proximity to the contact with meta-ultramafic rocks (Figure 8) , it seems likely that Ba, Pb, and Sr are increasingly 'fixed' in albitite by the formation and growth of this mineral. (Figures 11 and 12) .
Post-albititization metasomatic effects
If albititzation of jadeitite preceded serpentinization and the formation of meta-ultramafic rocks, albitites might record overprinting effects of serpentinizing fluids. To seek such effects, albitite (and jadeitite) compositions were normalized to the composition of albitite closest to the jadeitite body (SS26-1). Sample SS26-1 may have had less interaction with meta-ultramafic rocks than the former samples ( Figures. 11 and 12 ). Figure  10a shows HFSE, U, Th, and Ni, and Figure 10b shows LILE, Cr, and Sc. In Figure 10a Compared to sample SS26-1, three elements -Si, Al, and Na -appear to be 'immobile' in other albitite samples, and many other elements generally show less dramatic enrichments than are inferred from a comparison of albitite to jadeitite (Figure 12 ). However, three albitites display values for Sc, Cr, Sr, Hf, Zr, Ta, Th, and U nearly within ranges for 'immobile' elements ( Figure 12 ). The sample most enriched in Sc, Sr, Hf, Zr, Ta, Th, and U, and which also contains relatively large amounts of other 'ultramafite-derived' elements (such as Mg, Cr, Ti, and Y), is adjacent to the contact with meta-ultramafic rocks.
The albitite samples are chemically more similar to each other than any of them is to the jadeitite samples (Figures 11 and 12 ). Relative to albitite, jadeitite samples are enriched in Fe, Mg, and Ca and depleted in K, Rb, Sr, Cs, Ba, and Pb (Figures 12 and 13) . However, jadeitite nodule SS26-6 is both less depleted in LILE and more ferromagnesian than the jadeitite block, which constitute significant differences between the two.
Al-mobility during albititzation? (Figure 13)
Aluminium (Figure 5a ) is generally thought to be immobile in nearly all metamorphic systems, although solubility experiments indicate this need not be the case under high P/T -for example, jadeitite-forming -conditions (c.f. Roland et al. 2003 and Manning, 2006) . In albitites and jadeitites from the El Cipres contact, Al 2 O 3 ranges from 19.8 to 22.3 wt%. The extreme values are both for jadeitite samples. The former is the jadeitite nodule in a vein-like structure within sheared albitite close to the contact with meta-ultramafic rock. The latter is 
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Ni the presumed protolith of the albitite shear zone. The albitite samples range from 20 to 20.6 wt% Al 2 O 3 . The entire El Cipres jadeitite-albitite data set lies within the range of Al 2 O 3 whole-rock determinations for 11 jadeitites from Guatemala (Al 2 O 3 from 19.2 to 25.0 wt%), which were analysed using the same laboratories and methods (Tables 1 and 3) . Only one sample from the albitite-jadeitite suite shows evidence for Al-mobility. This is the jadeitite nodule, which, as noted above, may represent a deformed, late-stage vein emplaced near the albitite-serpentinite contact (sample SS26-06). The Al 2 O 3 content of the jadeitite nodule is only 88% of that measured for the block, a value larger than the combined analytical errors (nominally √8 -or 2.83 -for XRF major element analyses with errors of approximately 2%: cf. Figure 2 of Breeding et al. 2004; Baumgartner and Olsen 1995) . Because the two samples consist almost 100% of jadeitite, and their specific gravities are only slightly different (3.28 for the nodule versus 3.31 for the block), only minor changes of mineralogy are seen petrographically. The change of Al-content thus likely reflects a larger diopside-hedenbergite component in jadeite from the nodule compared to jadeite from the jadeitite block. This is also evidenced by CL petrography (Figure 4 ) and the results of semi-quantitative standardless SEM analyses of the clinopyroxenes. Whole-rock CaO, Fe, and MgO values, which would be expected to increase with diopside-hedenburgite substitution, are greater for the nodule than the block (Table 1 ). The Figure 12 . Variations of composition of albitites and jadeitite nodule with distance from jadeitite contact, normalized to albitite found adjacent to jadeitite block. The normalization presumes that albititization of the jadeitite block occurred prior to interaction with the meta-ultramafic host rocks. The dashed lines indicate +20%, a large estimate of likely analytical error. Values within this range (0.8-1.2) are assumed to have been 'immobile' during metasomatism. Figure 12a shows transition metals and Ca, Figure 12b shows LILE, and Figure 12c shows HFSE and HPE. In Figure 12a increased substitution of Ca and (Fe, Mg) for Na and Al, respectively, in jadeite would explain less Al 2 O 3 in the jadeitite nodule than the jadeitite block.
In contrast to the jadeitite nodule, the ratio of Al 2 O 3 in albitite at the contact with meta-ultramafic rocks to the jadeitite block is 93%, a value only slightly larger than the combined analytical errors. The calculation assumes that albitite was produced from jadeitite block concomitantly with deformation and formation of the meta-ultramafic rocks from serpentinizing peridotite (Figure 2) . However, the exterior margin of the jadeitite block may have been albititized prior to its interaction with serpentinite (or before the host was serpentinized; e.g. by late-stage evolution of the jadeitite-forming fluids; Harlow and Sorensen 2005) . In this case, the composition of albitite nearest the jadeitite block should be compared to that of albitite closest to the contact with meta-ultramafic rocks to evaluate Al mass transfer within the albitites of the shear zone. But even using this 'two-stage' model for the genesis of the albitites, the ratio of albitite closest to the contact with metaultramafic rocks to albitite next to the jadeitite block is 102%, a value within the expected range of combined analytical errors for XRF analyses. Taken together, the data require relatively little mobility of Al in the jadeitite-albitite part of the contact zone.
Unlike the albitites, however, the meta-ultramafic rocks of the contact zone show considerable evidence for Al 2 O 3 mobility relative to nearby serpentinite. Regional data do indicate that the serpentinites and meta-ultramafic rocks of Guatemala contain 0.7 to 3.5 wt% Al 2 O 3 , so it at first appears that the El Cipres meta-ultramafic rocks, like the jade- Figure 13 . Spatial variations of elemental data, normalized to Al. Figure 13a illustrates transition elements, 13b shows HFSE, Y, Th, and U; 13c plots LILE; and 13d presents major elements. In Figure 13a Figure 5 ). However, 'host' serpentinite sampled two metres from the contact zone (SS26-11) displays 2.1 wt% Al 2 O 3 , whereas meta-ultramafic rocks in the shear zone range from 2.7 to 3.3 wt% Al 2 O 3 . Using anhydrous data to eliminate effects of the different volatile contents of these rocks (Tables 1 and 2 ), the meta-ultramafic rocks of the contact zone display 130, 151, and 141% of the Al 2 O 3 of the local presumed protolith. A generous estimate of 10% for analytical errors yields a combined error of 14%, which is considerably less than the 30-50% larger Al 2 O 3 values seen in the meta-ultramafic rocks of the shear zone. So although Al 2 O 3 can probably be used with some confidence as an immobile element reference frame for the jadeitite-albitite part of the contact zone, it was likely mobile in the ultramafic rocks.
Mass additions and subtractions attending albititization of jadeitite (Figures 14-16)
Mass changes between a presumed protolith and a product metasomatite are based upon their compositions, specific gravities, and either the assumption of isovolumetric replacement or the immobility of at least one element in the metasomatic system (e.g. Poldevaart 1951; Gresens 1967; Babcock 1973; Ague 1994 Ague , 2003 Breeding et al. 2004) . These 'mass balance' models are used to evaluate absolute differences between the parent (protolith) and the altered rock compositions, which can be complex. For example, the previous discussion outlined why Al appears to be relatively immobile in only the jadeitite-albitite part of the El Cipres jadeitite-serpentinite metasomatic zone. The assumption of 'no volume Figure 14 . Mass gains or losses of Na 2 O, MgO, FeO, Cr, Ni, and Sc in albitites versus their distance from the jadeitite contact. These plots are results of a calculation that assumes that Al remained immobile during the metasomatic process (Babcock 1973; Gresens 1969) . The x-axis is delineated with tic-marks at 0 mass gain or loss, at a constant Al content. Mass gains are positive and mass losses negative values. The values are in g/100g for the major elements Na 2 O, MgO, and FeO and mg/g for the trace elements Cr, Ni, and Sc. The gains or losses compared to the 'protolith' values of jadeitite or albitite (Table 1 ) determine the magnitude of mass transfer. The diamonds represent values relative to a jadeitite protolith, and the filled triangles, values relative to an albitite protolith for the shear zone albitite and jadeitite samples. change' seems inappropriate for an obvious shear zone in which mass transfer can at least in part be calculated based on constant Al (Table 4) . As has been pointed out for the graphical solution to mass balance equations (i.e. Baumgartner and Olsen 1995) , the propagation of analytical error is not generally explicitly taken into account. In Table 4 , however, the shadowed ranges of values represent differences that are small compared to a generous accumulated analytical error of ±20%.
With all this said, the mass balance calculations ( Table 4) show first that if -as seems reasonable -Al 2 O 3 is assumed or argued to be immobile in the albitite zone, then SiO 2 and Na 2 O are also immobile. This result is independent of whether the jadeitite block or its albitized outer margin is selected as the starting point for alteration. For other elements, a different picture emerges. Table 4 shows the results of mass balance calculations across the albitite zone, based on either a jadeitite or an albitite protolith. The two protoliths correspond, respectively, to assuming that the block was (1) albitized before the meta-ultramafic rocks formed from serpentinite or (2) whether the genesis of the meta-ultramafic rocks postdates albititization by means of two episodes of fluid-rock interaction.
In both cases, the results show significant addition of MgO and Fe 2 O 3 near the contact, but also (as noted above) U, Hf, Sc, Ni, Cr, Zr, and Y. The addition of MgO, Ni, and Cr to albitites suggests that some chemical exchange between felsic and ultramafic rocks took place across the contact. For example, at 15 cm from the contact, Cs, Ba, Pb, and Sr have been added to albitite compared to either a jadeitite (SS26-0) or an albitite (SS26-1) protolith. The two sets of calculations yield different results overall for LILE, depending upon Figure 15 . Mass gains or losses of Zr, U, Hf, Pb, Ba, and Sr in albitites versus their distance from the jadeitite contact. See notes for Figure 14 . The values are in mg/g for these trace elements. The gains or losses can be directly compared to 'protolith' values of jadeitite or albitite (Table 1) to determine the significance of each value. The diamond symbols represent losses or gains relative to a jadeitite protolith; the filled triangle symbols indicate losses or gains relative to an albitite protolith. Relative to the most distal albitite (SS26-1), the other albitite samples show losses of Cs, Rb, Sr, and Ba. This suggests that LILE enrichment is linked primarily to albititization, but not necessarily to the formation of meta-ultramafic rocks. If the entire albitite contact zone was originally closer in composition to albitite SS26-1, formation of the meta-ultramafic rocks may have depleted most of the albitites of earlier-enriched LILE, except where these elements were partitioned into celsian and zircon.
Petrogenesis of the meta-ultramafic rocks (Figures 17 and 18)
The meta-ultramafic rocks of the contact zone are rich in Al 2 O 3 compared to adjacent serpentinite. Was a local source of Al 2 O 3 available? Evidence for Al 2 O 3 depletion from the jadeitite-albitite part of the contact zone is seen by comparing the composition of the jadeitite nodule (SS26-6) to block (SS26-0). Both CL and SEM evidence suggest that Na + Al
3+
→ Ca 2+ (Mg,Fe) 2+ substitution is present in nodule SS26-6 compared to block SS26-0. This suggests some coupling between the recrystallization of Al-rich jadeitite in the block to the formation of both less Al-rich jadeitite and the genesis of Al-rich meta-ultramafic rocks in the contact zone. Overall, this observation suggests that Al can be mobilized at least on the scales of decimetres to metres in this metasomatic system. Newton and Figure 14 . The values are in g/100 g for major elements SiO 2 , CaO, and Fe 2 O 3 and in mg/g for trace elements Rb, Cs, and Y. The gains or losses can thus be directly compared to the assumed 'protolith' values of jadeitite or albitite (Table 1) to determine the significance of each pattern. The diamonds represent values relative to a jadeitite protolith, and the filled triangles represent values relative to an albitite protolith for the shear zone albitite and jadeitite samples. Manning (2008) and Manning (1998 Manning ( , 2006 point out that the best way to mobilize Al would be by means of Al-Na-Si complexes in low salinity aqueous fluids at relatively large P/T. The latter are typical of primary fluid inclusions from Guatemalan jadeitite (Johnson and Harlow 1999; Sisson et al. 2006) , and the formation of jadeitite in free-crystal-growth textures (Harlow and Sorensen 2005; Harlow et al. 2008) indicate that conditions were optimal for complexing and transporting Al in low salinity aqueous fluids. Effects almost the opposite of those seen at El Cipres are recorded in an ultramafic matrix mélange on Santa Catalina Island, CA, USA (Sorensen 1988; Sorensen and Grossman 1989; Bebout and Barton 1993; 2003) . There, Al-and Mg-rich schists derived from metasedimentary rocks are residua of the stripping and removal of other components, from Al-rich protoliths, combined with metasomatic enrichment of Mg Barton 1993, 2002) . The Al is (as has otherwise many times been documented elsewhere) envisaged to have been relatively immobile during the extreme process of metasomatism and mechanical mixing that produced the Catalina mélange.
Element depletions in ultramafic metasomatites compared to jadeitite, albitite, and serpentinite
In contrast to the large number of enriched elements, relatively few elements in the contact zone are greatly depleted relative to their presumed protoliths (Table 5 ). ('Greatly depleted' indicates a mass ratio ≤0.5 compared with the presumed protoliths of jadeitite SS26-0, albitite SS26-1, and serpentinite SS26-11.) Although no element is systematically depleted in any albitite relative to jadeitite (SS26-1 to 7; appear to be depleted near the jadeitite contact (Table 5) . If albitite SS26-1 is used as the reference frame, both Fe 2+ and Fe
3+
, and also K, Rb, and Cs, are depleted at the contact of albitite with meta-ultramafic rocks (Table 5 ). These observations suggest that the fluidrock system that created the contact zone allowed for great mobility of LILE and change of oxidation state during metasomatism. Differences between serpentinite (or serpentinizing peridotite) and meta-ultramafic rock (Figures 17 and 18) Unlike the jadeitite-albitite system, two of the three meta-ultramafic rocks lack mineral assemblages that are capable of incorporating many of the elements analysed in this study. Accordingly, meta-ultramafic rocks show much less enrichment than their presumed protoliths. Indeed, the patterns for many elements in the meta-ultramafic rocks of the alteration zone show depletion relative to the serpentinite host rock. However, the relatively thin zones of meta-ultramafic rocks formed in this contact also show that a few elements are significantly to greatly depleted relative to their presumed protolith, most notably LILE (Rb, Cs, Ba, and U), and Ta (Figures 17 and 18) . The sizes of the meta-ultramafic rock zones (at least in plan, as shown in Figure 2 ) and the amounts of elements available (in the tens of ppm at most; Table 1 ) are insufficient to account for the LILE enrichments observed in adjacent albitite zones. For example, metasomatite sample SS26-09 is a ferro-actinolite schist that contains traces of white mica. This rock shows significant enrichment of Ca, Na, K, Sr, and Pb compared with either of the other meta-ultramafic rocks. The large amount of amphibole and small amount of white mica provide adequate residence sites into which all of these elements can partition and thus be transferred from a metasomatic fluid into a newly formed rock. 
Conclusions
(1) A contact zone between meta-ultramafic rock and jadeitite in the Sierra de las Minas, Guatemala, shows metasomatic features of major, minor, and trace elements (exclusive of REE) that have affected both rock types. (2) Albititization of jadeitite likely preceded the formation of meta-ultramafic rocks; thus, this contact probably records a protracted fluid-rock history, rather than one fluid-flow event. (3) Several methods of assessing mass change during rock alteration appear to agree that a large number of geochemically dissimilar elements, none with an obvious source in either jadeitite or serpentinite, were deposited in this contact zone during the albititization of jadeitite. (4) The apparent saturation and growth of the new minerals titanite, clinozoisite, zircon, and celsian fixed large concentrations of LILE, HPE, and HFSE in the albitites of the contact during fluid flow. (5) Although Ba is known to be readily transported in subduction zone fluids (e.g. Sorensen et al. 1997; Catlos and Sorensen 2003) , Zr is commonly used as an 'immobile' trace element for both mass balance calculations and the graphical analysis of element mobility. In systems such as the El Cipres mine, however, the assumption that Zr is immobile might not yield satisfactory results.
